The reconstitutable apoprotein of Crotalus adamanteus L-amino acid oxidase was prepared using hydrophobic interaction chromatography. After reconstitution with flavin adenine dinucleotide, the resulting protein was inactive, with a perturbed conformation of the flavin binding site. Subsequently, a series of cosolvent-dependent compact intermediates was identified. The nearly complete activation of the reconstituted apoprotein and the restoration of its native flavin binding site was achieved in the presence of 50% glycerol. We provide evidence that in addition to a merely stabilizing effect of glycerol on native proteins, glycerol can also have a restorative effect on their compact equilibrium intermediates, and we suggest the hydrophobic effect as a dominating force in this in vitro-assisted restorative process.
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The reversible conversion of many flavoenzymes to their corresponding apoproteins can be achieved under relatively mild conditions either by the perturbation of the protein structure in low pH solution, containing high concentration of salt, or by the addition of denaturating agents such as urea or guanidinium hydrochloride (1) . This approach has been successfully employed to study flavoprotein active site environment and/or the mechanism of catalysis by using various flavin analogs as spectral or chemically reactive affinity probes (2) (3) (4) (5) . However, in some cases no viable apoprotein can be prepared from the corresponding flavoenzyme due to irreversible changes in the protein structure that result in the lack of either ligand binding and/or protein solubility. In addition, the yield and stability of the apoprotein depends largely on the method of its preparation. In fact, the treatment of porcine lipoamide dehydrogenase with 5 M guanidinium hydrochloride results in unstable and poorly reconstitutable apoprotein, while the combination of low pH-high salt concentration and hydrophobic interaction chromatography leads to a high yield of its fully reconstitutable form (3, 6, 7) . Still, the strategy for the development of a suitable method of apoprotein preparation from a particular flavoenzyme remains largely empirical and is simply based on screening of the various known procedures. It is conceivable that the problem of obtaining reconstitutable apoprotein is directly related to other basic problems such as the control of protein stability in vitro by change in its microenvironment (denaturants, stabilizers, pH, etc.) (8) (9) (10) (11) and the existence of intermediate states of protein during unfolding-refolding processes (12, 13) .
The subject of the present study was Crotalus adamanteus L-amino acid oxidase (LAAO). LAAO is a dimeric glycoprotein containing two molecules of noncovalently bound flavin adenine dinucleotide (FAD) per protein molecule and catalyzes oxidative deamination of various, but predominantly hydrophobic, L-amino acids (14) . Our particular interest was raised by the fact that this enzyme has a highly sensitive active site, such that it undergoes reversible pH-or temperaturedependent inactivation accompanied by structural changes in flavin binding site but, at the same time, retains its overall secondary structure (15) (16) (17) (18) (19) . The high sensitivity of LAAO to its microenvironment is one of the likely explanations for the previous failure to prepare reconstitutable apoprotein and, thus, to perform intensive structure functional studies of this enzyme by using flavin analogs.
We were able to obtain reconstitutable apoprotein of LAAO and to identify a series of cosolvent-dependent equilibrium intermediates on its in vitro pathway leading to the formation of the holoenzyme. We also found that glycerol as a cosolvent plays a special role in this process by induction of rearrangements in the protein structure, which in turn leads to the development of its native conformation.
MATERIALS AND METHODS
Chromatography and Electrophoresis. Analytical gel filtration studies were performed at room temperature using a Pharmacia FPLC system equipped with a Superose 12 column. A 0.1 M Tris HCl buffer, pH 7.5, containing 0.15 M NaCl was the mobile phase. Glucose oxidase (160 kDa), threonine dehydrogenase (148 kDa), lipoamide dehydrogenase (100 kDa), albumin (66 kDa), chymotrypsinogen (25 kDa) , and cytochrome c (12 kDa) were used as standards. SDS/PAGE was performed according to Laemmli (20) using a miniProtean II system and premixed (broad range) protein standards (all from Bio-Rad).
Spectroscopy. Absorption spectra were recorded using a Cary 3 spectrophotometer. The concentration of LAAO was estimated based on its extinction coefficient per enzymebound flavin at 462 nm (8462 = 10650 M-1.cm-1) in 0.1 M Tris-HCl, pH 7.5. The extinction coefficient was calculated based on free flavin absorbance after the protein was precipitated with 5% trichloroacetic acid (TCA) using an extinction coefficient of free FAD in 5% TCA (8450 = 10340 M-1'cm-1).
The latter was calculated based on the reported value at pH 7.0 (8450 = 11,300 M-1.cm-1) (21) and difference in extinction of FAD at neutral and acid pH.
Fluorescence measurements were conducted at 25°C using a spectrofluorimeter built at the University of Michigan. Pure FAD was used as a standard.
Circular dichroism (CD) spectra were recorded with a JASCO J-710 spectropolarimeter at 12°C using a 1 cm path length cell. The maximum of absorbance of all measured samples was <1 for either visible (VIS) or far-ultraviolet (UV) spectral regions.
Purification of LAAO. The enzyme was purified from 1 g of dry venom (Biotoxins, St. Cloud, FL) of the southeastern diamondback rattlesnake Crotalus adamanteus as described by Wellner and Meister (22) Glycerol-Induced Activation of Reconstituted Apoprotein.
Unless otherwise specified, the reconstituted apoprotein in buffer D (1-2 ml) was dialyzed overnight at 40C against 0.1 M Tris-HCl buffer, pH 7.5, containing 0.1 M KCl and 20% glycerol. After dialysis, the sample was placed in 50% glycerol by mixing with an equal volume of 80% glycerol (vol/vol) and then incubated for a total of 3 hr at 25°C. During this time, 0.01 ml aliquots of the incubation mixture were withdrawn every 15-20 min and immediately assayed for enzymatic activity. After the activation process was complete, the sample was dialyzed overnight at 40C against 0.1 M Tris HCl buffer, pH 7.5, containing 0.1 M KCl (storage solution) and stored at 0°C. Slide-A-Lyzer cassettes (Pierce) were used for dialysis.
Assays. The specific oxidase activity of enzyme with Lleucine as a substrate was measured spectrophotometrically at pH 7.6 and 25°C using a coupled o-dianisidine-peroxidase assay (24) . Protein concentration was determined using a BCA protein assay kit (Pierce) or based on the flavin absorbance (see above).
RESULTS AND DISCUSSION
Properties of Purified C. adamanteus LAAO. LAAO was purified from 1 g of dry venom according to the procedure described under Materials and Methods, and generally yielded 10-12 mg of pure protein with a specific activity of 9-10 units/mg. The resulting enzyme displayed the characteristic flavin absorbance spectrum ( Fig. 1 The difference in the surface polarity of holoenzyme, apoprotein, and its reconstituted form determined the strength of their hydrophobic interactions with phenyl Sepharose, as judged by their selective elution from the column with water or 50% ethylene glycol as a stronger eluent (7, 23, 26) (Table   1 ). The apoprotein of LAAO was not eluted by either water or 50% ethylene glycol, while reconstitution with FAD caused a decrease in protein interaction with the hydrophobic matrix and therefore its elution with 50% ethylene glycol, but not with water. Among all three forms bound to the phenyl Sepharose, the holoenzyme displayed the lowest exposure of its nonpolar residues such that it can be eluted with either water or 50% ethylene glycol. Thus, the difference in hydrophobic properties clearly places the reconstituted protein between its apoprotein and holoenzyme.
Properties of Equilibrium Intermediates of LAAO. After elution from the column with 0.1 M Tris HCl buffer, pH 7.5, Table 2 ); and (ii) a 24-fold increase in flavin fluorescence up to 17% of the intensity of free FAD (Table 3 ) and an absence of LAAOspecific signal in the VIS (flavin) region of CD spectrum similar to that of free FAD (Fig. 3A , curve 2; Table 3 ) (19, 27) . These results showed that, unlike the holoenzyme, the active site of Intl displayed an "open" (less packed) conformation, resulting in weak interactions between the flavin ring and the polypeptide, additional exposure of hydrophobic surfaces (Table 1), and lack of catalytic activity. Int2 was obtained by dialysis of Intl (in 50% ethylene glycol) against 0.1 M Tris HCl buffer, pH 7.5, containing 0.1 M KCl. Int3 was prepared in the same way except for the presence of 20% glycerol in the dialysis buffer. Although both intermediates displayed no catalytic activity, the spectral properties revealed a largely restored structure within their flavin binding sites, as demonstrated by reshape of absorbance spectra with new maxima at 389 and 460 nm similar to those of the native enzyme (Fig. 1, curve 3 ; Table 2 ). The restorative changes in absorbance were accompanied by the quenching of flavin fluorescence of intermediates and revealed 7-fold (Int2) and 14-fold (Int3) decreases in intensity of fluorescence compared with that of Intl (Table 3) . Unlike Intl, the VIS CD spectra of Int2 and Int3 were similar to the CD spectrum of holoenzyme, as demonstrated by the appearance of a pronounced positive peak at 388 nm and a broad positive shoulder in the 420-550 nm region (Fig. 3A) . The molar CD value at 388 nm decreased in the order holoenzyme, Int3, and Int2, (Table 3) , reflecting a difference in the mode of protein-flavin interactions. A similar decrease in CD signal was also demonstrated for inactivated LAAO correlating with the perturbation in its flavin absorbance spectrum (19) .
When either Int2 or Int3 was dialyzed against 50% ethylene glycol (buffer D), the resulting absorbance spectra resembled that of Intl. In contrast, the holoenzyme displayed no changes in either specific activity or absorbance spectrum after dialysis vs. buffer D ( Table 2 ). The data suggest that unlike holoenzyme, the structure of the flavin binding site of intermediates has become rather flexible and disordered and, therefore, can be further perturbed by ethylene glycol molecules bound to additionally exposed hydrophobic surfaces. This in turn can explain why the presence of ethylene glycol led to an open conformation of the flavin binding site of intermediates, but had no such effect on the holoenzyme (see Discussion for role of ethylene glycol). The fully active form of the reconstituted apoprotein designated as Int4 was obtained by placing Int3 in 50% glycerol and incubating at 25°C as described in Materials and Methods.
The activation process was accomplished in about 3 hr (t,12 = 45 min) and revealed a nearly complete restoration (97%) of protein specific activity ( Fig. 2A, curve 1) accompanied by a 1 nm shift in flavin absorbance (Table 2 ). In contrast, the incubation of Int3 (in 20% glycerol) for 20 hr at 25°C caused only about 1% recovery of activity (data not shown). Finally, when Int4 was dialyzed against glycerol-free buffer, the resulting protein displayed properties of the holoenzyme, including surface polarity (Table 1) , specific activity, absorbance spectra, and particularly, the lack of perturbation of its flavin spectrum in the presence of ethylene glycol. The removal of glycerol from the protein solution caused an additional 1 nm shift in Int4 absorbance maximum, so its absorbance spectrum became identical to that of holoenzyme (Fig. 1, curve 1 ; Table  2 ). However, the absorbance maxima of holoenzyme were Proc. Natl. Acad. Sci. USA 93 (1996) independent of the presence of the 50% glycerol, suggesting that the shift in absorbance may be a result of the final conformational change leading to the production of holoenzyme. The formation of Int4 was a temperature-dependent process. A slower activation was observed at 18°C and revealed only a 31% recovery of specific activity after 3 hr of incubation ( Fig. 2A, curve 2 ), while 9 hr of incubation at 0°C did not show any activity restoration.
As seen from our spectral studies, Int3 exhibited great similarity to the holoenzyme, except that it lacked activity and displayed an "open" or "closed" conformation of its flavin binding site, depending on the presence of ethylene glycol. It seems clear that the restoration of the active site of Int3 during the activation process (Int3 -> Int4) drastically affected its flavin binding site by locking it up in the native (closed) conformation. These data suggest that the native form of LAAO was developed through glycerol-induced structural rearrangements falling into a kinetic trap.
To obtain more information about the LAAO restoration pathway, we attempted a direct activation of Int2. No activity was detected when the sample was incubated for 20 hr at 25°C. However, when it was placed in 50% glycerol (1:1 dilution in 100% glycerol), a slow increase in activity was observed (Fig.  2B , curve 1) with only a 52% recovery after 30 hr of incubation at 25°C. Intl displayed a similar activation profile after it was dialyzed against the same 50% glycerol buffer as Int2 and incubated at 25°C for 6 hr (Fig. 2B, curve 2) . The results show that the equilibrium Int2 is not strictly required for the restoration pathway, which does not exclude its possible role as a transient intermediate. On the contrary, the formation of Int3 is an important step providing an effective restoration of native protein conformation in vitro.
All intermediates showed well-preserved secondary structure according to their far-UV CD spectra (Fig. 3B) , except the overall ellipticity of Intl decreased by -25%. This was perhaps due to the effect of ethylene glycol, since no perturbation was observed when Intl was placed in ethylene glycol-free solution. The 180-200 nm area of spectra was not taken into consid- Int3 (----) , Int4 (--), and LAAO ( ) in their corresponding buffers, pH 7.5, except for the Int4, which was in storage buffer. eration due to the high (>1) sample absorbance. In addition, the gel filtration chromatography of Int2, Int3, and Int4 on a Superose 12 column resulted in elution profiles indistinguishable from that of holoenzyme (data not shown), thereby confirming the compactness of intermediates. No protein precipitation was observed for any of the intermediates while conducting the experiments or during storage at 0°C. Fig. 4 summarizes results obtained in this work, illustrating a series of interrelated events observed during the preparation of the apoprotein of LAAO, its reconstitution with FAD and finally, the formation of the holoenzyme. The first two steps refer to the release and rebinding of the flavin prosthetic group accompanied by corresponding changes in the properties of column-bound protein, i.e., an overall reduction in its surface apolarity. The next steps (steps 3, 4A, and 4B) cover the formation of the first three. compact intermediates demonstrating reversible changes in the structure of their flavin binding sites.
Step 5 illustrates the process of restoration of the protein active site and simultaneous trapping of the flavin binding site in the closed conformation, while the final step, step 6, demonstrates the release of glycerol and formation of the "relaxed" (see Discussion below on glycerol effect) holoenzyme. As depicted in Fig. 4 , our data suggest two pathways leading to the formation of the holoenzyme. However, they do not exclude the existence of a combined single pathway:
Step 5
Int4
Step (32) (33) (34) (35) . In fact, glycerol was found to be preferentially excluded in a nonspecific manner from the domain of the protein (solvophobic effect). This in turn creates a thermodynamic situation such as more free energy being required for protein unfolding than in water. Also, it has been suggested that the stabilization effect is a result of a certain balance between the repulsion of glycerol from hydrophobic surfaces of protein and its simultaneous interaction with protein polar regions (36, 37) .
One of the most prominent characteristics of compact intermediates compared with native proteins is a partially disrupted network of internal hydrophobic interactions leading to a corresponding increase in the amount of solventexposed nonpolar surfaces (12 (42) (43) (44) . In hydrophobic interaction chromatography, which appears to be a useful tool to monitor changes in protein surface polarity (ref. 45 ; this work), ethylene glycol acts as a strong eluent and thus, effectively competes for protein and/or matrix nonpolar surfaces (7, 23, 26) . Moreover, the increase in temperature was found to be an important factor in achieving the successful elution of chymotrypsin, chymotrypsinogen A and apolipoamide dehydrogenase from the hydrophobic matrix with ethylene glycol (ref. 46 ; unpublished results), which in turn would imply an increase of the strength of nonpolar interactions (47, 48) . Thus, it is conceivable that the observed perturbation of the flavin binding site of Intl is a result of a local disordering of the native structure of LAAO, which in turn leads to an expansion of hydrophobic surfaces preferentially interacting with ethylene glycol rather than with either water and/or glycerol molecules (Int2 and -3) . Then, the glycerol-induced collapse of the hydrophobic core followed by the restoration of its native structure largely reduces surface apolarity, so that the flavin binding site can no longer be perturbed by ethylene glycol.
Although the question of dominating forces in protein folding remains largely controversial, the hydrophobic effect is perhaps a key factor involved in the restriction of the conformational space of protein and thus, the selection of a small number of compact intermediates on the pathway leading to an accumulation of the final product, i.e., native structure (12, (49) (50) (51) (52) (53) (54) . Indeed, the results obtained in this work suggest the hydrophobic effect as a dominating force in an observed in vitro process leading to the glycerol-induced development of the native state of C. adamanteus LAAO from its compact equilibrium intermediates. This work was supported by National Institutes of Health Grant GM11106.
